Nitrogen is an important element for grapevine and winemaking which affects the development of the plant and yeast, and therefore it is important for wine quality. The aim of this work was to study the influence of foliar application to vineyard of proline, phenylalanine and urea and two commercial nitrogen fertilizers, without and with amino acids in their formulation, on the wine amino acid content and their consumption during the alcoholic fermentation. The results showed that these treatments did not affect the amino acid composition in wines. The differences observed for certain amino acids were so small that the concentration of total amino acids was not significantly different among wines. Moreover, it was observed that the higher the content of amino acids in the medium, the greater their consumption during the alcoholic fermentation.
Introduction
Nitrogen fertilization entails a correct development of grapevine and might guarantee an appropriate grape composition 1 avoiding stuck or sluggish fermentations caused by nitrogen deficiencies. 2 Fertilizers are normally added to the soil in order to be absorbed by plant roots. Nowadays, the polution problems arised from the excessive use of soil fertilizers make necessary to develop new fertilization methods, more precise and efficient. One of these methods is foliar fertilization, which entails a fast and efficient assimilation of applied products by plant, 3 reducing costs besides contributing to sustainable and eco-friendly agriculture. Previous studies have shown that foliar application of oak extracts and urea modify grape and wine composition. [3] [4] [5] [6] Ammonium and amino acids are essential in the metabolism of yeast and their content affects the fermentation kinetic, as nitrogendeficient musts can cause slow and stuck fermentations. 2, 7 Some amino acids are precursors of higher alcohols, and esters, compounds that contribute to wine aroma. [8] [9] [10] However, wines with higher amounts of residual nitrogen have more risk of microbiological instability, with the possible formation of ethyl carbamate and biogenic amines, which are negative compounds for wine quality. 11, 12 Therefore, nitrogen fertilization must ensure grapevine growth and an adequate grape composition, allowing then a correct vinification and the obtaining of wines with low levels of residual nitrogen avoiding possible microbial alterations. By reason of the matters aforesaid, the aim of this work was to study the influence of foliar application of proline, phenylalanine, and urea and two commercial nitrogen fertilizers, without and with amino acids in their formulation, on the wine amino acid content and their consumption during the alcoholic fermentation.
Materials and Methods

Samples, commercial nitrogen fertilizers, grapevine treatments and vinification
Red grapes from Vitis vinifera Tempranillo variety grown in the experimental vineyard of the Research Centre of the Spanish northern region of La Rioja (CIDA) during the year 2012 were used. The soil was classified as Typic Haplocambids. 13 The vineyard was planted in 1999, grafted on 110-Richter rootstock. Planting density was 3000 plants/ha with vine and row spacings of 1.3 and 2.6 m, respectively. Vines were trained to a vertical shoot position trellis system on a double cordon Royat, and spur pruned to twelve buds per vine. The vineyard had an unirrigated pattern and an average yield about 6500-7000 kg/ha. Weather conditions were recorded by a meteorological station belonging to the Riojan Agroclimatic Service (SIAR) installed near the experimental vineyard (altitude 342 m asl). In 2012, the annual precipitation was 337.2 mm, and the average annual temperature was 13.5ºC.
In this study, five treatments were carried out using several nitrogen sources: proline (Pro), phenylalanine (Phe), urea (Ur), and two commercial nitrogen fertilizers, without (Cp) and with amino acids (Cpaas) in their composition. The nitrogen composition of commercial products was: 103 g total N/L and 48.62 g ammonium/L (Cp); 104 g total N/L and 31.37 g ammonium/L (Cpaas). The content of free amino acids in the nitrogen fertilizer with amino acids (Cpaas) was (in g N/L): 0.24 (Asp), 0.21 (Glu), 0.21 (Ser), 0.97 (Gly), 0.10 (Thr), 1.3 (Arg), 1.1 (Ala), 0.02 (Tyr), 0.12 (Val), 0.03 (Met), 0.03 (Ile), 0.11 (Leu), 0.27 (Lys), and 3.6 (Pro).
To carry out the treatments, aqueous solutions were prepared with a concentration of 750 mg total N/L of Pro, Phe, Ur (SigmaAldrich, St. Louis, MO, USA), and commercial nitrogen products (Cp and Cpaas), using Tween 80 as wetting agent (1 mL/L). Control plants were sprayed with water solution of Tween 80 alone.
The treatments were applied to grapevine twice, at veraison and one week later on. For each application, 200 mL/plant was sprayed over leaves, so the total amount applied in each treatment was 900 g total N/ha, assuming 3000 plants/ha. Treatments were carried out in triplicate and were arranged in a complete randomized block design, with 3 vines for each replication.
Grapes were harvested at their optimum technological maturity, i.e. when the weight of 100 berries remained constant and the probable alcohol reached 13 (% v/v) for control sample, and then were destemmed and crushed. Aliquots of each sample were frozen in order to determine their amino acid composition. To carry out the alcoholic fermentation, 3 kg of pomace (must, seed, skin) were introduced into glass bottles of 4 L.
14 Potassium metabisulfite was added to the samples to give a final total SO 2 concentration of 50 mg/L, and then the alcoholic fermentation was induced with the commercial Saccharomyces cerevisiae strain Uvaferm VRB (Lallemand, Montreal, Canada). The fermentations were performed at controlled temperature of 25°C. The end of alcoholic fermentation was determined by measuring the reducing sugars (<2.5 g/L). Aliquots of each wine were frozen in order to determine their amino acid content.
Analysis of amino acids by high performance liquid chromatography
The amino acids analysis was performed by the method described by Garde-Cerdán et al. 15 Free amino acids were analyzed by reverse phase high performance liquid chromatography using an Agilent 1100 Series (Agilent, Santa Clara, CA, USA) equipped with an ALS automatic liquid sampler, a fluorometric detector and a DAD detector. Five mL of sample (previously centrifuged, 3077 g, 10 min) was mixed with 100 µL of norvaline (internal standard to quantify all amino acids except proline) and 100 µL of sarcosine (internal standard to quantify proline). The mixture was filtered through a 0.45 µm OlimPeak pore filter (Teknokroma, Barcelona, Spain) and submitted to an automatic precolumn derivatization with o-phthaldialdehyde (OPA Reagent; Agilent) for primary amino acids and with 9-fluorenylmethylchloroformate (FMOC Reagent; Agilent) for secondary amino acid. The injected amount from the derivated sample was 10 mL and a constant temperature of 40ºC was maintained. All separations were performed on a Hypersil ODS (250 4.0 mm, I.D. 5 µm) column (Agilent). Solvents and gradient conditions for amino acids analysis are described below.
Two eluents were used as mobile phases. Eluent A: 75 mM sodium acetate, 0.018% triethylamine (pH 6.9)+0.3% tetrahydrofuran; eluent B: water, methanol, and acetonitrile (10:45:45, v/v/v). All reagents were first filtered with Millipore filters (0.45 µm). The gradient profile was: 0-15 min, 0-47.5% B, 1.63 mL/min; 15-15.01 min, 47.5% B, 0.80 mL/min; 15.01-25 min, 47.5-60% B, 0.80 mL/min; 25-25.01 min, 60% B, 1.63 mL/min; 25.01-26.01 min, 60-100% B, 1.63 mL/min; 26.01-26.51 min, 100% B, 2.50 mL/min; 26.51-34.01 min, 100% B, 1.63 mL/min; 34.01-36.01 min, 100-0% B, 1.63 mL/min. Detection was performed by fluorescence detector (l excitation=340 nm, l emission=450 nm for primary amino acids, and l excitation=266 nm, l emission=305 nm for secondary amino acid) and DAD detector (l=338 nm for primary amino acids and l=262 nm for secondary amino acid).
Identification of compounds was carried out by comparison of their retention times with those of pure reference standards. The pure reference compounds and internal standards were from Sigma-Aldrich. Water was obtained from a Milli-Q purification System (Millipore, Billerica, MA, USA). Quantification of amino acids was performed with an internal standard method. The treatments were performed in triplicate, so the results of free amino acids correspond to the average of 3 analyzes (n=3). The free amino acid content of the commercial product with amino acids (Cpaas) was also determined by this method.
The study about the possible relationship between the concentration of free amino acids in the different initial musts (control samples and musts from the five foliar treatments carried out with proline, phenylalanine, urea, and commercial products without and with amino acids) and their consumption during the corresponding alcoholic fermentations was performed. The consumption was calculated for each amino acid as the difference between its concentration in the initial must and its concentration in the final wine.
Oenological parameters analysis
Musts were physico-chemically characterized by determining probable alcohol, pH, total acidity, malic acid, and potassium according to the European Commission methods. 16 
Statistical analysis
The statistical elaboration of the data was performed using SPSS Version 21.0 statistical package for Windows. The data for amino acids were processed using the variance analysis (ANOVA). Differences between means were compared using the Duncan test at 0.05 probability level. Discriminant analysis was performed with the amino acid concentration in the different musts and wines.
Results
The musts presented a balanced physicochemical composition, usual for Tempranillo grapes from La Rioja region. No significant differences for any of the physico-chemical parameters studied were found between control and treated samples. In control must, the weight of 100 berries was 185 g, the probable alcohol was 13.2 (% v/v), total acidity was 6.24 g/L, malic acid content was 3.01 g/L, and potassium was 1658 mg/L. Lasa et al. 3 described that the urea application to Merlot grapevines affects neither the pH nor the weight of 100 berries, but it caused a decrease in total acidity, and an increase of probable alcohol.
In a previous work, 15 the effect of foliar application of these same nitrogen sources was studied. The results showed that the most effective treatments were phenylalanine and urea, followed by commercial nitrogen fertilizers, whereas proline treatment did not affect the must nitrogen composition. Phenylalanine and urea foliar application enhanced the synthesis of most of the amino acids by the plant, being their effect similar. Moreover, the spray of commercial nitrogen fertilizers over leaves also caused a rise in grape amino acid concentrations, regardless amino acids presence or absence in their formulation. Table 1 shows the amino acid composition of wines made from the different grapevine nitrogen foliar treatments. The concentrations of glutamic acid, citrulline, arginine, alanine, tryptophan, total amino acids without proline, and proline did not show significant differences between samples. Threonine content in wines from treated grapevines did not show significant differences with respect to the control, although the wine elaborated with grapes from commercial product with amino acids (Cpaas) had a higher content of this amino acid in comparison with the wines from the other treatments (Table 1) . Regarding tyrosine concentration, wines from foliar treatments showed similar levels of this amino acid to that found in control; among treated samples, the wines from Pro treatment had lower concentration of tyrosine than wines from Cpaas application, showing no significant differences with respect to the wines from Phe, Ur, and commercial product without amino acis (Cp) treatments.
Aspartic acid content in wines from Cpaas treatment was lower than in wines from control, Pro, and Phe foliar applications, showing no differences with wines from Ur, and Cp treatments (Table 1) . Asparagine and lysine concentration was higher in the wines from Cpaas treatment than in the wines from control, Pro, and Ur applications. Wines made from grapevines applied with Cpaas showed the highest content of serine, followed by the wines obtained with Cp application. Finally, wines from control, Pro, Phe, and Ur were the ones that show the lowest concentration of this amino acid. Histidine concentration was higher in the wines from Cpaas application than in the ones from control and Pro treatments, while no signficant differences were observed for Phe, Ur, and Cp wines (Table 1) . With respect to glycine, the highest concentration was found in wines from the commercial products applications (Cp and Cpaas). Methionine content was higher in wines from control, Phe, and Ur treatments than in the wines from Cp application, showing no significant differences with respect to Pro, and Cpaas wines.
Phenylalanine was found in higher concentration in wines from control, and Cpaas application than in the wines from Pro, and Cp treatments, with no significant differences with respect to the other wines (Table 1) . Leucine highest concentration was found in control wines, while in wines from treated grapevines, it was found in higher concentration in wines from Phe, Ur, and Cpaas applications than in wines from Cp application, with no differences with Pro wines. Wines from Pro, Ur, and Cp applications showed a lower content of leucine than control wines, with no differences with the wines from Phe, and Cpaas treatments ( Table 1) . The relationship between initial must amino acid composition and amino acid consumption during the alcoholic fermentation is shown in Figure 1 . In general, a high correlation existed between the initial amino acid concentration and their consumption during this process, which means that amino acid consumption by yeasts was directly proportional to their concentration at the beginning of the alcoholic fermentation, with the exception of glycine, citrulline, methionine, tryptophan, isoleucine, lysine, and proline. The major correlations between must amino acid content and amino acid consumption during the alcoholic fermentation were observed for serine (R 2 =0.999), threonine (R 2 =0.992), and alanine (R 2 =0.989).
In order to classify different samples, the discriminant analysis was performed on data expressing as amino acid concentration in the different musts and wines (Figure 2) . Function 1 explained 71.5% of the variance and function 2 explained 22.3% of the variance, so the total of variance explained by these two functions was 93.8%. The variables that contributed most to the discriminant model were phenylalanine, methionine, threonine, and aspartic acid (function 1) and alanine, phenylalanine, isoleucine, and proline (function 2). The two discriminant functions showed a very good separation among must from phenylalanine treatment (Phe-M) and the other samples. Moreover, there was a good separation among musts from the other treatments and the wines.
Discussion
Nitrogen foliar applications to grapevine did not have effect on the total amino acid content without proline in the wines. Despite that the application of phenylalanine, urea, and commercial nitrogen fertilizers increased nitrogen content in musts, 15 as amino acid consumption during alcoholic fermentation was directly proportional to their initial content (Figure 1) , that is, the greater the initial concentration, the faster the consumption. This made wines not show significant differences in total amino acid content (Table 1) . Lasa et al. 3 and Ancín-Azpilicueta et al. 6 carried out two studies about the effect on free amino acids of urea foliar applications to vineyard, but in these works only the results of the initial musts were showed; in these two papers, an improvement on nitrogen composition with urea applications was also observed. Smit et al. 17 found that the application of nitrogen, as ammonium nitrate, to the soil of the vineyard at two fertilization levels (60 and 150 kg N/ha) in two vintages affected total amino acids in wine only when the highest level of nitrogen was applied. In the case of the lowest nitrogen dose, the amount of total amino acids in the wines was similar in the control wine and in the wine from nitrogen fertilization, being the quantities of amino acids, in the first vintage of study, similar to those found in our work. Therefore, it can say that the foliar application of different nitrogen sources affected the grape nitrogen composition, but the alcoholic fermentation, carried out in the same conditions, did these differences were minimized. The consumption of nitrogen compounds during fermentation mainly depends on the physico-chemical properties of the must (pH, acidity, sugars, etc.), on the grape variety, on yeast and on the fermentation temperature, among other factors. 8, [18] [19] [20] [21] [22] In our study, the fermentation conditions were the same, so that the only difference being the different initial nitrogen must composition, 15 and as already indicated, Article Table 1 . Amino acid concentrations (mg/L) in control wine and in wines from the treatment with proline, phenylalanine, urea, commercial product without and with amino acids. the amino acids consumption was proportional to their initial concentrations (Figure 1) , explaining that the wines showed a similar composition in amino acids (Table 1) . Regarding free amino acid content in wines, the differences observed in some cases were not important (Table 1) because amino acid consumption was proportional to their initial content for most of the amino acids studied, besides the fact that their sum was significantly equal for all the wines (Table 1) . Moreover, discriminant analysis shows all wines grouped (Figure 2 ). Garde-Cerdán et al. 23 also observed that amino acid consumption was proportional to initial must amino acid content, but in the latter work the study was conducted considering the consumption during the first half of the fermentation, unlike this work in which the complete alcoholic fermentation has been studied.
Amino acid
Lysine and glycine are not considered as good nitrogen sources for S. cerevisiae, 24 which may explain the fact that there has not been a correlation between the initial content of these two amino acids and their consumption during alcoholic fermentation (Figure 1) . Proline was released in all the fermentations (Figure 1 ) due to the fact that it is an intermediate product in the degradation of arginine. 8, 11 For this reason, proline is the major amino acid in wine samples. 25, 26 Isoleucine concentration in wines was higher than that found in musts, since its consumption was negative for every fermentation (Figure 1 ), or in other words, it was released into the medium despite being a good nitrogen source for S. cerevisiae. Moreover, it was also observed that other amino acids were released in some of the fermentations. This could be due to yeast autolysis that occurs at the end of fermentation 11, 27 and/or due to toxic effect of ethanol. 28 During the autolysis, different compounds are released into the medium as amino acids, 29 and the ethanol inhibits the amino acid transport systems and causing their excretion. Despite certain amino acids were released to the medium, their high consumption during the alcoholic fermentation (Figure 1 ) caused that they were not present in high concentration in wine (Table 1) , avoiding then possible risks of microbial instability derived from high concentrations of residual nitrogen.
Conclusions
Foliar application of various nitrogen sources to the vineyard did not affect wine nitrogen composition. The differences observed for certain amino acids were so small that the sum of all amino acids was not significantly different among wines. It was observed that the initial content of amino acids in the medium and their consumption during the alcoholic fermentation were related: the higher the content, the greater the consumption. 
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